We have analysed the role of the morphogenetic factors hepatocyte growth factor/scatter factor (HGF), neuregulin and E-cadherin in the process of metastasis and morphogenesis of mammary carcinoma cells. The cDNAs for HGF, neuregulin and E-cadherin were stably expressed in anaplastic human MDA MB 435 carcinoma cells. The altered cells were then injected into the mammary fat pads of nude mice, where they form tumors which can spontaneously metastasize to the lungs. We found that expression of HGF or neuregulin promoted metastasis whereas expression of the cell adhesion molecule E-cadherin was inhibitory. Moreover, expression of E-cadherin reconstituted the ability of the cells to form morphogenetic structures in matrigel cultures in response to HGF. These data demonstrate that HGF and neuregulin, which control branching or lobulo-alveolar morphogenesis of normal breast epithelium, do have metastasis-promoting eects on breast carcinoma cells. Moreover, our results suggest that the dierential activities of the two factors can be explained by the degree of epithelial dierentiation: induction of morphogenesis requires an intact epithelial adhesion and dierentiation system, whereas induction of metastasis is observed when the cells have lost their epithelial characteristics.
Introduction
Metastasis of carcinomas is a multistep process involving angiogenesis and invasion of local mesenchyme, intravasation and survival in lymph and blood vessels and extravasation and growth at secondary sites (Folkman et al., 1989; Nicolson, 1989; Fidler and Ellis, 1994) . In the recent years, a variety of molecular components have been identi®ed which promote or suppress metastasis by dierent means. For instance, invasion of metastatic cells involves uncontrolled action of matrix-degrading proteases and their inhibitors (Mignatti and Rifkin, 1993; Stetler-Stevenson et al., 1993; Powell and Matrisian, 1996) . Moreover, deregulated cell adhesion allows detachment of metastatic cells from their old partners and reattachment to new ones. Among the widespread members of the families of cell adhesion molecules, certain cadherins, integrins, immunoglobulins, selectins, and hyaluronic acid receptors as well as their ligands are implicated in the spread of metastatic cells (Behrens et al., 1989; Lehmann et al., 1989; Giancotti and Ruoslahti, 1990; Albelda et al., 1990; Chan et al., 1991; Hynes and Lander, 1992; Birchmeier and Behrens, 1994; GuÈ nthert, 1996) . Lastly, growth and motility factors play an essential role in migration processes at various levels of the metastatic cascade. These factors act in autocrine or paracrine manners through speci®c receptors which mediate dierent signals, e.g. through tyrosine phosphorylation (Liotta and Schimann, 1988; Rosen et al., 1994; Silletti and Raz, 1996; Boyer et al., 1996) .
Here we have analysed the role of the growth and dierentiation factors HGF and neuregulin and of the cell adhesion molecule E-cadherin in metastasis of breast carcinomas. E-cadherin mediates adhesion of epithelial cells through adherens junctions. The extracellular part of E-cadherin is responsible for homophilic interaction with neighboring cells, while the cytoplasmic part interconnects the actin cytoskeleton of epithelial cells via catenins (Kemler, 1993; Tsukita et al., 1993; HuÈ lsken et al., 1994) . Armadillotype catenins have recently been shown to interact with transcription factors of the LEF-1/TCF-family and mediate signals of the wnt/wingless pathway to the cell nucleus Molenaar et al., 1996) . Expression of E-cadherin and the associated catenins was found to be down-regulated in various carcinoma cell lines resulting in increased invasiveness of the cells in vitro (Behrens et al., 1989; Frixen et al., 1991; Vleminckx et al., 1991; Oyama et al., 1994; Kawanishi et al., 1995) . Similarly, downregulation of expression or mutation of the genes that encode proteins of the Ecadherin/catenin complex have been shown to occur in various human carcinomas such as head and neck (Schipper et al., 1991) , breast (Moll et al., 1993; Gamallo et al., 1993; Berx et al., 1995; Zschiesche et al., 1997) , colon (Dorudi et al., 1993) , bladder (Bringuier et al., 1993; Otto et al., 1994) , prostate (Umbas et al., 1994) or stomach carcinomas (Mayer et al., 1993; Becker et al., 1994) . In several of these studies, the loss of function of components of the Ecadherin/catenin complex has been correlated with reduced survival and poor prognosis (Birchmeier and Behrens, 1994 for review) .
HGF, which is identical to scatter factor, is produced mainly by mesenchymal cells and induces dissociation of various epithelial cells in cell culture and invasion in vitro (Stoker et al., 1987; Nakamura et al., 1989; Weidner et al., 1991; Rosen et al., 1994) . The receptor of HGF has been identi®ed as the c-met tyrosine kinase which is expressed in epithelial cells (Bottaro et al., 1991; Naldini et al., 1991; Sonnenberg et al., 1993) . HGF and c-met play essential roles in development: ablation of the two genes in mice lead to identical phenotypes, i.e. embryonic lethality due to disturbed placenta and liver development and loss of migration of muscle precursor cells (Bladt et al., 1995) . The roles of HGF and c-met in tumor formation has been extensively studied: concomitant expression of cmet and HGF in tumor cell lines results in enhanced tumorigenicity in nude mice; in mesenchymal cells metastasis is promoted (Kanda et al., 1993; Bellusci et al., 1994; Rong et al., 1994; Jeers et al., 1996) . Aberrant expression of HGF and c-met are found in various tumors of mesenchymal origin such as osteosarcomas, sarcomas of patients with Li ± Fraumeni syndrome, Kaposi sarcomas, melanomas and leukemias (Natali et al., 1993; Naidu et al., 1994; Rong et al., 1995; Ferracini et al., 1995) . Similarly, overexpression of c-met and/or HGF was also found in dierent human carcinomas such as bladder, gastric, pancreatic, prostatic and thyroid carcinomas (Ebert et al., 1994; Humphrey et al., 1995; Di Renzo et al., 1995; Joseph et al., 1995) . In breast carcinoma patients, overexpression of HGF correlates with poor prognosis (Yamashita et al., 1994) . Transgenic mice which overexpress HGF under the control of a metallothionein promoter develop various tumors of mesenchymal and epithelial origin (Takayama et al., 1997) .
Neuregulin, also known as NDF or heregulin, is the ligand of the tyrosine kinase receptors c-erbB3 and cerbB4 and can activate c-erbB2 through heterodimerization (cf. Carraway and Cantley, 1994 for a review). A potential role of neuregulin and its receptors in tumor progression has been implicated in a variety of investigations: in transgenic mice, overexpression of neuregulin lead to abnormal development of the mammary glands and oncogenic activation of c-erbB2 resulted in the formation of metastatic mammary carcinomas (Guy et al., 1992; Krane and Leder, 1996) . Enhanced expression of c-erbB-2 is found in a variety of human tumors, e.g. in breast, ovary, stomach, salivary gland and pancreas carcinomas (Slamon et al., 1989; Park et al., 1989; Bacus et al., 1994; Press et al., 1994) . In approximately 25% of primary breast and ovarian carcinomas, overexpression of c-erbB2 correlates with poor prognosis (Hynes and Stern, 1994) . Similarly, overexpression of c-erbB3 and c-erbB4 have been correlated with metastasis and poor clinical outcome (Lemoine et al., 1992; Kraus et al., 1993; Rajkumar and Gullick, 1994) .
A variety of data has shown that HGF and neuregulin and their receptors are not only involved in tumor progression but also in epithelial morphogenesis. HGF can activate intrinsic morphogenetic programs of dierent epithelial cells in three-dimensional cultures, e.g. branching morphogenesis of kidney and mammary cells and crypt formation of intestinal cells (Montesano et al., 1991; Berdichevsky et al., 1994; Brinkmann et al., 1995; Soriano et al., 1995; Niemann et al., 1997) . Neuregulin promotes dierentiation of mammary epithelial cells in cell culture and the formation of alveolar-like structures in matrigel (Peles et al., 1992; Niemann et al., 1997) . Moreover, HGF and neuregulin stimulate branching and lobulo-alveolar morphogenesis of mammary glands in organ culture, respectively, and both factors are expressed at the appropriate times during development (Yang et al., 1995) . Thus, the question arises how the same factors are able to promote invasive and metastasis on the one hand and morphogenesis and dierentiation on the other.
In the present study, we have investigated the role of HGF, neuregulin and E-cadherin in the process of spontaneous metastasis of breast carcinoma cells. The cDNAs of the three molecules were stably expressed in human MDA MB 435 mammary carcinoma cells. The transfectants were injected into the mammary fat pads of nude mice where they form primary tumors. Tumor cells then spontaneously metastasize to the lungs, thus re¯ecting the course of metastatic spread in breast carcinoma patients. This model system thus allows both growth of breast carcinoma cells as a primary tumor at the anatomically correct (orthotopic) site and formation of spontaneous metastases controlled by the organ environment of the host (Fidler, 1990; Price et al., 1990; Leone et al., 1993) . Therefore, it provides a valuable tool for the analysis of molecular components involved in metastasis of mammary carcinomas. We found that expression of HGF and neuregulin in the MDA MB 435 mammary carcinoma cells resulted in promotion of metastasis, whereas expression of Ecadherin lead to suppression of metastasis. We also show that expression of E-cadherin partly reconstituted the ability of MDA MB 435 cells to form morphogenetic structures in response to HGF. These results indicate that the growth and dierentiation factors HGF and neuregulin are able to promote morphogenesis or the formation of metastasis depending on the degree of dierentiation of epithelial cells.
Results

Characterization of human mammary carcinoma cells expressing HGF and neuregulin
The human mammary carcinoma cell line MDA MB 435, subline S1, was stably transfected with expression vectors containing HGF or neuregulin cDNA sequences (for details see Materials and methods). The S1 subline was previously isolated in our laboratory and was here found to be nonmetastatic when injected into the mammary fat pad of nude mice (of Materials and methods and below). HGF expressing MDA MB 435 S1 cell clones were ®rst identi®ed by examining the supernatants of the transfectants for scattering activity on MDCK cells (Stoker et al., 1987; Weidner et al., 1991) . Representative cell clones expressed HGF mRNA in amounts approximately one order higher than endogenous expression in MRC-5 ®broblasts, as shown by Northern blotting (Figure 1a) . Parental S1 cells and neotransfectants did not express HGF. Expression levels correlated well with the secreted HGF activity, e.g. cell clone HGF 1 produced 60 ng/ml, MRC-5 ®broblasts 6 ng/ml (cf. also Weidner et al., 1991) . Neuregulin expressing MDA MB 435 S1 cell clones were ®rst analysed on the basis of speci®c mRNA expression. Representative cell clones showed a prominent signal at 4.5 kb (close to 28S) in Northern blot analysis ( Figure  1b) . Neo-controls were negative for neuregulin mRNA; CID-9 mammary epithelial cells (cf. Schmidhauser et al., 1990) expressed multiple endogenous transcripts. The MDA MB 435 S1 cell clones NRG 7 and NRG 33 secreted approximately 60 ng/ml neuregulin as determined in a bioassay (Plowman et al., 1993) , CID-9 cells also produced 60 ng/ml.
Both HGF and neuregulin expression resulted in a pronounced alteration of morphology in the trans-fected MDA MB 435 S1 cells (Figure 2 ): while the control cells were moderately ®broblastoid with loosely associated cell clusters, HGF expression resulted in an extremely spindle-shaped morphology and total loss of intercellular adhesion. When grown at a high density contact inhibition was lost and the cells grew multilayered. Expression of neuregulin lead to a loosening of cell clusters and the appearance of ®lopodia. These combined data demonstrate that overexpression of HGF and neuregulin in MDA MB 435 S1 cells results in severe morphological changes which are apparently due to the formation of autocrine loops with the respective receptors.
Induction of spontaneous metastasis by HGF and neuregulin expression in mammary carcinoma cells
The HGF and neuregulin expressing MDA MB 435 S1 cells were injected into the mammary fat pad of nude mice, and metastasis to the lungs was examined (cf. Materials and methods). We observed that expression of both HGF and neuregulin induced strong growth of (Table 1A) . For instance, tumors of 15 ± 20 mm size were formed after 8 weeks with 5610 5 HGF or neuregulin expressing cells/animal. Tumors were not visible with control cells at this time but reached a similar size after 24 weeks. Remarkably, metastasis to the lungs was observed in all animals injected with HGF and neuregulin transfected cells but not in the controls, when analysed at the same size of the primary tumor (i.e. at a diameter of 19 ± 25 mm, Table 1A ). The number of visible lung metastases induced by the transfectants ranged from 20/animal to stages where the lungs were completely overgrown by tumor cells. Histological analysis demonstrated the absence of micro-metastases in lungs of animals injected with control MDA MB 435 S1 cells. In a second set of experiments, we compensated for the dierent growth rates of the primary tumors by injecting increased numbers of control cells. Furthermore, we ruled out possible clonal eects by using pools of transfectants. No lung metastases were seen even when a 10-fold higher number of control cells were injected (5610 6 cells/animal; Table 1B ). Pools of HGF and neuregulin transfectants were both metastatic (Table 1B , cf. also legend). A second neuregulin transfectant, NRG 57, also produced lung metastases when only 10 5 cells/animal were injected (Table 1B) . We also examined MDA MB 435 S1 transfectants which expressed an alternatively spliced variant of HGF, the two kringle variant (2KV; Hartmann et al., 1992) . The HGF-2KV transfectants did not induce metastasis to the lungs (Table 1B) . We then measured the expression of HGF in primary tumors of HGF transfectants and in corresponding metastases by Northern blotting. HGF mRNA was clearly detected in the primary tumor and in the lung metastases ( Figure 1c ); the slightly reduced expression level in comparison to cells in culture might be due to necrosis in the primary tumor and to contaminating lung tissues.
Characterization of E-cadherin expressing human mammary carcinoma cells
Parental MDA MB 435 cells were transfected with an expression plasmid containing the E-cadherin cDNA sequence (for details see Materials and methods). In contrast to the S1 subline used above, the parental MDA MB 435 cells were highly metastatic when injected into the mammary fat pad. We found that representative cell clones Cad 2 and Cad 4 expressed Ecadherin mRNA at levels similar to epithelial cells from salivary glands, CSG 120/7 (Figure 3a) . Western blot analysis showed production of mature E-cadherin at a molecular weight of 124 kD (Figure 3b ; cf. also Frixen et al., 1991) . Parental MDA MB 435 cells and neo-controls did not express endogenous E-cadherin.
Expression of E-cadherin in MDA MB 435 cells resulted in a shift towards a more epitheloid morphology (Figure 4a,b; cf. also Frixen et al., 1991) . E-cadherin was found to be located at cell-to-cell boundaries by immuno¯uorescence analysis ( Figure  4f ). Moreover, expression of E-cadherin was accompanied by the redistribution of b-catenin from the cytoplasm and cell nucleus to the plasma membrane (Figure 4g,h) , and the reorganization of the actin cytoskeleton along the cell borders (Figure 4c,d ). These data indicate that exogenous expression of E-cadherin in MDA MB 435 mammary carcinoma cells results in the formation of a membrane-associated cadherin/ catenin complex which provides a link to the actin cytoskeleton and allows functional cell-to-cell adhesion.
Suppression of spontaneous metastasis by E-cadherin expression in human mammary carcinoma cells
When E-cadherin-transfected MDA MB 435 cells (10 5 Cad 4 cells/animal) were injected into the mammary fat pads of nude mice, signi®cant inhibition of growth of the primary tumor was observed (Table 2A) . Remarkably, in mice with comparable sizes of the primary tumor expression of E-cadherin resulted in a strong suppression of metastatic spread to the lungs (Table  2A) . We again compensated for the dierences in the growth rates of the primary tumors by injecting 10-fold higher numbers of a single E-cadherin cell clone (Cad 2) and a pool of transfectants (Cad pool). E-cadherin expression again strongly reduced metastasis in comparison to control cells (Table 2B) .
We also examined the expression of E-cadherin in the primary tumors and in the few corresponding lung metastases by immuno¯uorescence analysis. E-cadherin expression was detected throughout the primary tumors (Figure 5b ) but was completely absent in the macroscopically and microscopically visible lung metastases (Figure 5e ). Cytokeratin was used as a marker to indicate epithelial and tumor cells (Figure  5c ,f). nd nd a Factors were measured in bioassays as described (Weidner et al., 1991; Plowman et al., 1993) .
b Animals were sacri®ced after 24 weeks. c Animals were sacri®ced after 8 weeks.
d Animals were sacri®ced after 10 weeks. e Lungs were overgrown with metastases and therefore counting of single metastases was not possible.
f Pools of transfectants were prepared by mixing identical numbers of single cell clones shortly before injection of the cells into the mammary fat pad.
g Animals were sacri®ced after 17 weeks
Major eorts were undertaken to obtain doublytransfected MDA MB 435 cells expressing growth factors and E-cadherin. We did this by starting with both HGF and neuregulin or E-cadherin expressing cells and transfected these with the second cDNA using the selection marker hygromycin. We were unable to obtain MDA MB 435 cells stably expressing both types of molecules.
Reconstitution of the morphogenetic potential of mammary carcinoma cells towards HGF by expression of E-cadherin
A variety of epithelial cell types undergo morphogenetic programs in response to HGF or neuregulin: for instance, HGF induces the formation of branching tubules of kidney epithelial cells in three-dimensional culture (Montesano et al., 1991; Weidner et al., 1993) , and mammary epithelial cells from tubules and alveolar structures in the presence of HGF and neuregulin, respectively (Soriano et al., 1995; Yang et al., 1995; Niemann et al., 1997) . This property is lost in anaplastic epithelial cells which do not express Ecadherin such as MDA MB 435 mammary carcinoma cells (cf. Brinkmann et al., 1995) .
Here we examined MDA MB 435 cells which were transfected with E-cadherin cDNA for their ability to form morphogenetic structures in three-dimensional culture in the presence of HGF. Indeed, HGF induced the outgrowth of branched cellular cords from compact aggregates (Figure 6Ab, 6Ba; cf. quantitation in the Figure legend) . Actin staining revealed that the cells in these rod-like structures made tight contacts to neighboring cells resulting in cuboidal cell shapes (Figure 6Bc, see enlarged in d) . In contrast, HGF induced cell scattering of clustered neo-controls (Figure 6Ad, 6Bi) . These cells showed reduced contact areas and an elongated morphology with long protrusions (Figure 6Bi,k,l) . Expression of E-cadherin in the transfected cells were con®rmed by immuno¯uorescence analysis (Figure 6Bb,f) . Neocontrols were negative (Figure 6Bj,n) . The morphogenetic eect of HGF in E-cadherin transfectants is distinct from HGF-induced proliferation, which is also observed in control MDA MB 435 cells (Figure 6Ad,  6Bi) . The combined results indicate that induction of cell-cell adhesion and epithelial dierentiation by Ecadherin suppresses metastasis and reconstitutes the morphogenetic potential of the mammary carcinoma cells.
Discussion
In the present study we have examined human MDA MB 435 mammary carcinoma cells, which were transfected with the cDNAs for HGF, neuregulin or E-cadherin, for their ability to form spontaneous lung metastases from primary tumors in the mammary fat pad. We found that both HGF and neuregulin strongly promoted lung metastasis, while metastasis was abrogated by E-cadherin. Furthermore, expression of E-cadherin in MDA MB 435 cells partly reconstituted their morphogenetic capacity, i.e. cord-like structures were induced by HGF in three-dimensional gels. These data suggest that the dierential response of epithelial (carcinoma) cells towards HGF and neuregulin depends on the degree of cellular dierentiation: morphogenesis requires an intact epithelial adhesion and dierentiation system such as a functional E-cadherin/catenin com- Cad 2 and Cad 4 represent RNA of representative E-cadherin expressing cell clones, neo are corresponding neo-transfected control clones. CSG 120/7 is an epitheloid mouse salivary gland cell line which expresses E-cadherin endogenously. The Northern blot was probed with the 2.5 kb SacI fragment of mouse E-cadherin cDNA and with a b-actin probe. The Western blot was developed using DECMA-1 monoclonal antibody against E-cadherin (Vestweber and Kemler, 1985) . Arrows indicate expression of E-cadherin mRNA (a) or protein (b). Molecular weight markers are given on the right plex, whereas metastasis is observed in cells which have undergone epithelial-mesenchymal transitions. In order to analyse the role of morphogenetic and dierentiation factors in metastasis, we have chosen an animal model which comprises several steps of the metastatic cascade and re¯ects aspects of metastasis of human breast carcinomas. Transfected human MDA MB 435 mammary carcinoma cells were transplanted into orthotopic sites, the mammary fat pads of nude mice, which resulted in the formation of primary tumors and spontaneous metastases to the lungs. We found that both HGF and neuregulin strongly promoted metastasis of the MDA MB 435 mammary carcinoma cells. Our data are thus in line with various clinical studies which correlate expression of HGF and c-met with poor prognosis and metastasis (cf. Introduction) and with experiments that show metastasis of c-met transfected tumor cells of mesenchymal origin (Rong et al., 1994 , Jeers et al., 1996 . Moreover, HGF has recently been described as a migratory factor in development: In c-met and HGF -/-mice, migration of myogenic precursor cells into the limb anlagen is abolished (Bladt et al., 1995) . Inappropriate expression of HGF in transgenic mice results in abnormal skeletal muscle formation and melanosis in the nervous system, indicating that HGF induces migration of myogenic or neural crest-derived cells to ectopic sites (Takayama et al., 1996) . An involvement of c-erbB2 in metastasis has been suggested by a variety of clinical data (cf. Introduction), and has also been demonstrated in transgenic mice overexpressing c-erbB2 under the control of the MMTV-promoter (Guy et al., 1992) . Neuregulin may mediate metastasis of MDA MB 435 cells through erbB3 or erbB4 mediated activation of c-erbB2. Both HGF and neuregulin also had a stimulating eect on the growth of primary tumors. Increased proliferation is consistent with the known mitogenic activities of the two factors and with the fact that their receptors, c-met and the c-erbBs, are familiar proto-oncogenes (Park et al., 1986; Bargmann et al., 1986) . However, the mitogenic eect cannot explain induction of metastasis since control tumors of the same size did not metastasize. Note that we have excluded faster growth of the primary tumor as a parameter in metastasis by dierent means (e.g. by injecting increased numbers of control cells) and that the absence of micro-metastases in the controls was shown by histological analysis.
In contrast, expression of E-cadherin in the human mammary carcinoma cells suppressed formation of spontaneous metastases from orthotopic sites. Moreover, the few lung metastases obtained with Ecadherin transfected cells had actually lost expression of E-cadherin. This is consistent with the role of the E-cadherin/catenin system as a suppressor of invasion and metastasis, as suggested by a variety of experimental and clinical data (cf. Introduction).
Expression of E-cadherin also lead to a reduction of ,d ) and E-cadherin (cf. f). In E-cadherin expressing cells b-catenin is located along the cell membranes indicating a functional adhesion complex (cf. g,h). Exogenous expression of E-cadherin was detected using DECMA-1 monoclonal antibody (which is directed against mouse E-cadherin), the absence of endogenous (human) E-cadherin in control cells (e) was con®rmed using the 6F9 monoclonal antibody (27). Bar in a,b=100 mm, in c ± e=50 mm e Lungs were overgrown by metastases and counting of single metastasis was therefore not possible the growth of the primary tumors in comparison to controls. When we compensated for the growth dierences, we found that metastasis was still markedly inhibited by expression of E-cadherin. The suppressive eect on cellular proliferation of an intact E-cadherin/catenin system has also been observed by others (Navarro et al., 1991; Vleminckx et al., 1991; Watabe et al., 1994) . Recent experimental evidence has indicated that the E-cadherin/catenin system functions not only in cell-cell adhesion but also in signal transduction to the cell nucleus. b-Catenin, besides being a component of adherens junctions, is also a member of the wnt/wingless signaling pathway and can directly associate with the tumor suppressor gene product APC or transcription factors of the LEF-1/TCF family (Su et al., 1993; Rubinfeld et al., 1993; HuÈ lsken et al., 1994; Gumbiner, 1995; Miller and Moon, 1996; Behrens et al., 1996; Molenaar et al., 1996) . The in¯uence of the E-cadherin/catenin complex on metastasis might thus be a consequence of homophilic cell adhesion on the one hand and of modulated signal transduction through the wnt/ wingless pathway on the other. This is in line with the observation that expression of E-cadherin induced the redistribution of b-catenin from the nucleus and cytoplasm to the plasma membrane. Various recent investigations have shown that HGF and neuregulin are strong morphogenetic factors for mammary epithelial cells (Berdichevsky et al., 1994; Soriano et al., 1995; Brinkmann et al., 1995; Niemann et al., 1997) . For instance, HGF induces tubular outgrowth and branching of mammary epithelia during puberty whereas neuregulin promotes lobuloalveolar morphogenesis during pregnancy (Yang et al., 1995; Niemann et al., 1997) . On a ®rst glance, morphogenesis and metastasis are entirely opposite biological activities. However, morphogenesis involves complex rearrangement of tissues which requires continuous cell movement and the breaking and remaking of cell-cell contacts. HGF and its receptor, the tyrosine kinase c-met, can mediate dissociation (scattering) of epithelial cells in culture, but also allows rearrangement of cells into organoid structures in three-dimensional matrices (Stoker et al., 1987; Montesano et al., 1991; Brinkmann et al., 1995) . Interestingly, morphogenetic activity of c-met could be transferred onto a scattering receptor, trkA (the nerve growth factor receptor), by fusing to it the Cterminal substrate binding site of c-met . This indicates that morphogenesis is a`more demanding activity' than scattering. It has recently been shown that the novel multiadaptor protein Gab1 transduces the morphogenetic activity of c-met Niemann et al., 1997) ; whether Gab-1 also transmits signals important for metastasis remains to be examined.
Here we also present evidence for the requirement of a functional E-cadherin/catenin complex in morphogenesis. We found that E-cadherin (i) suppresses metastasis of mammary carcinoma cells and (ii) partly reconstitutes the morphogenetic potential of these cells. We previously screened a variety of cell lines for cellular responses towards HGF and found that *50% of the non-transformed epithelial and 95% of the carcinoma cells did not respond by morphogenesis . Many of the non-responding Figure 5 Cryosections of a primary tumor (a ± c) and a lung metastasis (d ± f) from mice injected with pools of E-cadherin transfected MDA MB 435 cells (cf. Table 2B ). Sequential sections were stained with hematoxylin/eosin (a,d; overview) and doublestained for immuno¯uorescence with anti-E-cadherin (b,e) and anti-cytokeratin antibodies (c,f). The squares in a and d mark the area enlarged for immuno¯uorescence analysis. The selected area in d ± f shows a metastasis (m) bordering normal lung tissue (1). Note, that the metastasis stains for cytokeratin but is negative for E-cadherin cell lines did not express E-cadherin, such as the human mammary carcinoma cells MDA MB 435, indicating that these cells had lost speci®c epithelial cell adhesion and thus had undergone permanent epithelialmesenchymal transition. We hypothesize here that it is the absence of a functional E-cadherin/catenin adhesion system which allows these cells to generate metastasis instead of morphogenesis. We therefore examined the E-cadherin transfected MDA MB 435 cells for their potential to undergo morphogenesis. In fact, the transfectants responded to HGF with the formation of cord-like structures when seeded onto matrigel. This suggests that the degree of differentiation of epithelial cells determines the dierential response towards HGF, and that one of the key elements of epithelial dierentiation is a functional Ecadherin/catenin complex. An essential role of Ecadherin in morphogenesis of epithelia has also been demonstrated in E-cadherin -/-mice: these mice fail to form trophectodermal epithelia and are unable to implant resulting in death at day 3.5 of embryonal development (Larue et al., 1994; . Moreover, disturbance of E-cadherin by speci®c antibodies in mouse mammary glands lead to disruption of ductal structures (Daniel et al., 1995) , and expression of a dominant-negative cadherin mutant in the intestine of transgenic mice results in severe defects of crypt formation (Hermiston and Gordon, 1995a,b) .
Our model of the dierential activities of HGF and neuregulin in morphogenesis and metastasis is illustrated in Figure 7 : well dierentiated epithelial cells respond towards the two factors with the formation of multicellular morphogenetic structures (seen on the left), which involves in case of HGF a transient epithelial-mesenchymal transition (EMT), i.e. cell scattering. In contrast, carcinoma cells which have undergone a permanent epithelial-mesenchymal transition during tumor progression (cf. also Reichmann, 1994; Boyer et al., 1996) respond to the same factors with increased cell motility of single tumor cells leading to metastasis (seen on the right). In case of the human mammary carcinoma cell line MDA MB 435, the dierentiated state and the morphogenetic potential could be reconstituted in part by exogenous expression of E-cadherin.
A
Materials and methods
Cell culture and cell transfection
The metastatic variant of human MDA MB 435 mammary carcinoma cells was obtained from the American Type Culture Collection (ATCC, HTB 129; USA), the nonmetastatic variant MDA MB 435 S1 was previously sub cloned in our laboratory . Both variants are negative for the expression of HGF, neuregulin and E-cadherin, but do express moderate amounts of c-met, c-erbB2 and 4, as determined by Northern blotting. The MDA MB 435 cells are clearly of epithelial origin since they express various cytokeratins but also vimentin (Leone et al., 1993; S Meiners, unpublished observations) . The two variants of MDA MB 435 cells are stable in their metastastic properties; the molecular reason for their dierent metastatic behaviour is unknown. Cells were grown in Dulbecco's modi®ed Eagle medium (DMEM) and 10% heat inactivated fetal calf serum and were transfected by Ca 2+ -phosphate coprecipitation with mouse E-cadherin cDNA (pBATEM2; Nagafuchi et al., 1987) , human HGF cDNA (in the pBAT expression plasmid; Hartmann et al., 1992) and the cDNA of mouse b 2 neuregulin (2.2 kb XbaI cDNA-fragment in pBAT; Meyer and Birchmeier, 1994) together with a plasmid for G418-resistance (pSV2neo). E-cadherin expressing cells were initially screened by immuno¯uorescence, HGF expression was determined by testing the supernatants in the MDCK colony dissociation assay (Stoker et al., 1987; Weidner et al., 1991) , and neuregulin expression was analysed by Northern blotting. Expression of E-cadherin and HGF in representative cell clones was veri®ed by Northern blot analysis. Neuregulin was found to be secreted and biologically active, as determined in a morphology assay on mammary epithelial cells (Plowman , 1993) . For Northern blotting, total RNA (10 mg) was electrophoresed in 1% agarose-formaldehyde gels, transferred to Hybond-N+ membranes (Amersham International, UK) and hybridized to 32 P-labeled cDNA probes followed by auto radiography.
Immunological methods E-cadherin expression in stably transfected MDA MB 435 cells was determined by Western blotting: cells were extracted in buer containing 140 mM NaCl, 4.7 mM KCl, 0.7 mM MgSO 4 , 1.2 mM CaCl 2 , 1% Triton-X-100, 1 mM phenyl methyl sulfonyl¯uorid, 10 mM HEPES, pH 7.4, (Behrens et al., 1989) . Equal amounts of protein were separated by SDS gel electrophoresis on 7.5% polyacrylamide gels, transferred to nitrocellulose membrane (Millipore Corporation, USA), probed with the DECMA-1 hybridoma supernatant (anti-mouse E-cadherin-antibody, Vestweber and Kemler, 1985) , and speci®c antigens were detected using the enhanced chemoluminescence system (ECL, Amersham International). For immuno¯uorescence detection of E-cadherin, b-catenin and actin, cells were seeded onto glass slides, ®xed in 4% paraformaldehyde for 10 min at room temperature, permeabilized with 0.5% Triton-X 100 and incubated with DECMA-1 antibody (2 mg/ml) and polyclonal rabbit antiserum against b-catenin (1 : 400 for 1 h at 378C. After washing, cells were incubated with Cy5-conjugated goat anti-rabbit, Cy3-conjugated goat anti-rat antibody or Cy3-conjugated goat anti-mouse, respectively (1 : 100, Dianova, Germany) and FITC-conjugated phalloidin (1 : 100, SigmaAldrich, Germany) for 1 h at 378C and embedded in Mowiol (Calbiochem, USA). For double-immuno¯uor-escence detection of E-cadherin and cytokeratins in tissues, 16 mm cryosections were ®xed in acetone for 10 min at room temperature, incubated with DECMA-1 and anti-pan cytokeratin antibody (C-2562; Sigma-Aldrich, Germany), and detected using CY3-conjugated goat antirat and CY2-conjugated goat anti-mouse antibody (Biotrend, Germany). The sections were analysed using a Leica TCS confocal microscope.
Orthotopic injection of MDA MB 435 cells into the mammary fat pad of nude mice
Female athymic nude mice (NMRI-nu), 6 ± 8 weeks old, were obtained from Bomholdgard Breeding and Research Center, Denmark, and housed under speci®c pathogen-free conditions. Mice were anesthetized with Radenarkon (40 mg/kg; Arzneimittelwerke Dresden, Germany). A 5 mm incision was then made in the skin in order to expose the mammary fat pad, and 30 ml cell suspension in Figure 7 Schematic representation of the dierential eects of factors in morphogenesis and metastasis. On the left, epithelial cells with intrinsic morphogenetic potential are induced by HGF to undergo transient epithelial-mesenchymal transitions (EMT) allowing rearrangement of the cells into morphogenetic structures such as tubules or alveolae. On the right, anaplastic epithelial cells which have undergone permanent EMT, respond to morphogenetic factors by metastasis. Functional E-cadherin is an important determinant which dierentiates between morphogenesis and metastasis, since metastatic cells could be reverted by exogenous Ecadherin expression into morphogenetically active cells PBS was injected into the fat pad. The skin incisions were closed with wound clips which were removed 1 week later. Primary tumor growth was measured once weekly using a caliper. Mice were sacri®ced when moribund or when the primary tumor had reached an approximate size of 20 mm in diameter. At autopsy, organs were examined for gross metastases, and macroscopic metastases in the lungs were counted. Primary tumor, anxillary lymph nodes, the lung, and any suspected metastatic lesion were paranembedded for histological analysis or shock-frozen for expression analysis. The formation of micro metastases in the lung and in the lymph nodes was determined by serial sectioning of the paran-embedded organs and subsequent histological analysis.
Morphogenesis assay
Glass coverslips (Nunc, Denmark) were coated with 20 ml matrigel (basement membrane from Engelbreth-HolmSwarm tumor; Serva, Germany), and cells were seeded at a density of 1610 4 /well and cultured in DMEM containing 10% fetal calf serum and hormones (bovine prolactin and insulin, 5 mg/ml, Sigma; hydrocortisone, 1 mg/ml, Merck, Germany) as described (Barcellos-Ho et al., 1989; Niemann et al., 1997) . On the fourth day, medium was replaced by medium containing hormones and HGF at a concentration of 50 U/ml . Medium was changed daily, and after 7 days of culture photomicrographs of the aggregates were taken with a Zeiss light microscope equipped with Nomarski interference optics.
